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INTRODUCTION

Mercury (Hg) is one of the most
hazardous elements in the environ-
ment (1) and occurs from natural
sources (e.g., volcanic eruption) as
well as from artificial sources (e.g.,
coal burning, industry, etc.). Long-
range atmospheric transport of
mercury has led to increased levels
of mercury in the environment (2)
which can persist for many years.
By the action of microbes, inorganic
mercury can be transformed to
methyl mercury, which subsequently
bio-accumulates in humans, plants,
and animals through the food chain
(3). The toxic effects and bioavail-
ability of mercury are dependent
on the chemical species (4). For
example, methyl mercury can be
efficiently adsorbed by organisms,
pass the blood-brain barrier, and
result in high toxicity levels (4).
Monitoring of mercury levels in
water is crucial for environmental
protection and management (5),
particularly in significantly polluted
areas. However, mercury concen-
tration in water is usually extremely
low. For example, it was reported
that the mercury level in lake water
ranges from 0.14~15 ng L-1, while
in the ocean the average is < 10 ng L-1

(6). Almost all mercury in natural
water is inorganic mercury (Hg2+)
(6). The ultratrace concentration of
mercury in real water samples
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The developed method was

validated by spike and recovery
experiments and analysis of a
certified reference material GBW
10050 Prawn. The results show
that the SPE-UVG-ICP-MS method
is sensitive, fast, precise, and
cost-effective for mercury analy-
sis, especially for natural water
samples.

poses challenges for analytical sci-
ence and it is, therefore, crucial to
develop a sensitive, accurate, and
convenient analytical method.

Up to the present, various analyt-
ical techniques have successfully
been developed for the determina-
tion of mercury in water (7), such
as inductively coupled plasma mass
spectroscopy (ICP-MS) (8), atomic
fluorescence spectroscopy (AFS)
(9), atomic absorption spectros-
copy (AAS) (10), and inductively
coupled plasma optical emission
spectroscopy (ICP-OES) (11). In
combination with separation tech-
niques, such as gas chromatogra-
phy, high performance liquid
chromatography, and capillary elec-
trophoresis, speciation analysis of
mercury could be achieved (4).
Solution nebulization is the most
common means of sample introduc-
tion for the above detection tech-
niques. However, many limitations
of these methods need to be
addressed when analyzing mercury
in water samples, such as insuffi-
cient detection limits, severe mem-
ory effects, and low sample
introduction efficiency.

As an efficient sample introduc-
tion means, vapor generation (VG)
offers a unique solution to the
above limitations and succeeds in
the analysis of problematic water
samples with high dissolved salts or
complex matrixes (12, 13). In the
VG technique, the nonvolatile ana-
lyte is transformed to volatile com-
pounds. The generated compounds
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(A.R.) were purchased from
Sinopharm Chemical Reagent Bei-
jing Co. (Beijing, P.R. China).
Sodium diethyldithiocarbamate
(DDTC) and mercaptoethanol were
supplied by Shanghai Macklin Bio-
chemical Co., Ltd. Ultrapure water
from a Milli-Q® system (18.2 MΩ.cm,

are separated from the matrixes by
a gas-liquid separator and then
introduced to an element-specific
detector. The VG technique greatly
improves the detection limits, elim-
inates the memory effect of mer-
cury, and efficiently avoids matrix
interferences (12). Mercury vapor
is usually generated by chemical
reductants (e.g., sodium tetrahy-
droborate), termed as chemical
vapor generation (CVG). The VG
system has been sucessfully used as
the interface of HPLC and ICP-MS,
greatly improving the dection limits
for both methyl and inorganic mer-
cury (14).

However, CVG usually suffers
from poor reproducibility and
potential interferences and contam-
ination, mainly due to the unstable
reductants and impurity of the
reagents (13). Recently, ultraviolet
vapor generation (UVG) has been
developed as a superior method
due to its unique advantages of
eliminating the need of unstable
reagents, decreasing the potential
interferences from reagents, and
conferring green chemistry to a
degree (15–18). Mercury ions in
water can be transformed to mer-
cury vapor by UV irradiation in the
presence of organic acid (e.g.,
formic acid). Besides mercury, a
wide range of elements, such as Br
(19), Se (20), and Fe (21), can also
be successfully derivatized to
volatile species by UVG. In this
manuscript, an online solid phase
extraction (SPE) column was used
to trap and concentrate mercury in
water and, after UVG, the mercury
vapor was analyzed by ICP-MS. The
developed method eliminates
potential interferences from the
sample matrix and reagent impuri-
ties, and achieves better sensitivity
for mercury analysis.

EXPERIMENTAL

Instrumentation

The UVG system consists of a
gas liquid separator, photochemical

reactor, UV lamp (19W low pres-
sure mercury lamp, Beijing Titan
Instrument Co., Beijing, P.R.
China), peristaltic pump (Longer
Precision Pump Co., Baoding, P.R.
China), C18 solid phase extraction
column (sorbent: 500 mg / volume:
3 mL, Agela Technologies, Tianjin,
P.R. China), sampling valve, and
selection valve (Valco Instruments
Co., USA), as shown in Figure 1.
Tygon® tubing was used to connect
the components and deliver the
liquid. A NexION® 300D quadru-
pole ICP-MS (PerkinElmer, Inc.,
Shelton, CT, USA) was used for
mercury determination. For best
performance before analysis, the
ICP-MS was tuned with 1 µg L-1 tun-
ing solution. and the mass spectro-
metric data were collected in Time
Resolving Analysis (TRA) mode.
The typical parameters of the ICP-
MS and UVG systems are listed in
Table I.

Reagents

Acetonitrile (HPLC grade),
ammonium acetate (HPLC grade),
formic acid (HPLC grade), nitric
acid (MOS grade), hydrogen perox-
ide (MOS grade), sulfuric acid
(G.R.), and potassium bichromate
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Fig. 1. Schematic diagram of the UV photochemical vapor generation system.
C: column washing solution; M: modification solution; E: eluting solution;
P: peristaltic pump; V1: selection valve; SL: sample loop; V2: sampling valve;
W: waste; FA: formic acid; S: sample; SPE: solid phase extraction column;
Ar1: carrier argon gas; Ar2: nebulizer argon gas; UVG: the UV lamp and
photochemical reactor; GLS: gas liquid separator.

TABLE I
Typical Parameters of the

UVG-ICP-MS System

Parameters Value

UV Vapor Generation
Carrier gas (Ar1) 300 mL min-1

Nebulizer gas
(Ar2) 800 mL min-1

Eluting solution 3 mL min-1

Formic acid
solution (10%) 3 mL min-1

Sample loop 10 mL

ICP-MS
Forward power 1400 W
Cool gas 15.0 L min-1

Auxiliary gas 0.75 L min-1

Nebulizer Glass concentric
Isotope determined 202Hg
Dwell time 100 ms

Total time 160 s



On the other hand, several ions
and oxidants, such as the transition
metals Cl–, NO3

–, NO2
–, etc., are

recognized quenchers of the photo-
chemical reaction (13). Here, the
SPE column can remove the ions
and oxidants from the samples,
eliminate the potential interfer-
ences, and facilitate mercury UVG.
Under similar conditions, it was
reported that the transition metals
at the concentrations of 10 mg L-1

would not cause detectable inter-
ference during UVG (17). The
results obtained from the standard
solution and the recovery experi-
ments show that no interferences
were found in the present study.

UVG Reagent and Mechanism

In this manuscript, the irradia-
tion time (i.e., sample flow rate
through the UVG reactor) was
about 15 seconds when using a
sample delivery flow rate of 3 mL
min-1. Using an intermittent stop-
flow sequence for sample introduc-
tion as described in the literature
(19), we compared the irradiation
time from 10–40 seconds and
found no obvious change in the
mercury signal over the irradiation
time. The carrier gas (Ar1) flow rate
of 300 mL min-1 through the gas
liquid separator was chosen after
careful consideration of the
efficiency of gas-liquid separation
and transport of mercury gas. To

Millipore Corporartion, USA) was
used for preparing all solutions.
The mercury standard solution
(1000 mg L-1) and certified refer-
ence material GBW10050 Prawn
were bought from the National
Research Center for Certified Refer-
ence Materials (Beijing, P.R. China).
The modification solution contained
1g L-1 sodium diethyldithiocarba-
mate (DDTC); the column washing
solution was 50% (v/v) acetonitrile
solution; the eluting solution con-
tained 60 mmol L-1 ammonium
acetate, 0.1 % mercaptoethanol,
and 5% (v/v) acetonitrile.

UVG Procedure

The UVG procedure was slightly
modified according to the literature
(16, 17). Briefly, a reverse phase
C18 SPE column was washed and
conditioned using the DDTC modi-
fication solution. The sample solu-
tion was introduced by peristaltic
pump onto the column where the
mercury ions in the solution were
trapped. After mercury trapping,
the column was washed with a col-
umn washing solution. The trapped
mercury ions were eluted with the
eluting solution, mixed with the
formic acid solution (10% v/v), and
introduced into the photochemical
reactor where the mixture was irra-
diated with the UV light to generate
mercury vapor. The vapor was
passed through a gas liquid separa-
tor in the presence of argon carrier
gas and determined by ICP-MS.

Sample Preparation

Tap water or lake water was col-
lected after acidification with nitric
acid (pH~2), stored in mercury-free
containers, and analyzed within
one week of collection. The certi-
fied reference material GBW10050
Prawn was accurately weighed into
a centrifuge tube and digested by
nitric acid and hydrogen peroxide
in a closed vessel. After proper dilu-
tion, the digestion solution was ana-
lyzed by UVG-ICP-MS.

RESULTS AND DISCUSSION

SPE for Mercury Enrichment
and Elimination of Inter-
ferences

Mercury is usually found at a very
low concentration (< 0.1 µg L-1)
in real water samples (6). The inter-
ferences from the matrixces, espe-
cially oxidants, could adversely
affect mercury vapor generation.
In this study, a reversed-phase C18
SPE column was used to enrich
mercury and eliminate potential
interferences. After trapping, the
mercury ions were eluted with a
thiol-containing reagent. The recov-
ery experiments showed that the
mercury ions on the column were
quantitatively eluted with 8 mL of
eluting solution containing 0.1%
mercaptoethanol at a 3-mL min-1

flow rate, and in agreement with
the literature data (17). Figure 2
shows that a higher concentration
of mercapoethanol could decrease
ICP-MS sensitivity, partly because
of the introduction of interference
from impurities. In a subsequent
experiment, an eluting solution
containging 0.1% mercaptoethanol
was chosen. In comparison with
the acidic eluting solution as
reported in the literature (e.g., 0.5
v/v HCl) (22), the neutral eluting
buffer (pH ~7) was more compati-
ble with the silica-based C18 col-
umn, which is normally stable at
the pH range of 2~8.
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Fig. 2. Effects of mercaptoethanol concentration (%, v/v) on mercury intensity
determined by UVG-ICP-MS.



obtain the best response, the flow
rate of the nebulizer gas (Ar2) was
optimized to 800 mL min-1.

The UVG efficiency is dependent
on the UVG reagent used. Accord-
ing to the literature, many chemi-
cals, such as aldehydes, alcohols,
and carboxylic acids, are reported
capable of inducing UVG of mer-
cury (13). Among them, formic acid
serves as the preferred UVG chemi-
cal due to its broad efficacy and
high efficiency for the UVG process
(13, 23). It was reported that in the
UVG process formic acid has the
highest efficiency in comparison to
other low-weight organic acids
(24). The effects of the formic acid
concentration on mercury intensity
in ICP-MS are shown in Figure 3.
When adding formic acid as the
UVG reagent, stable and significant
signals of mercury were achieved in
ICP-MS. A plateau of mercury inten-
sity was reached when the mercury
standard solution was mixed with
10% (v/v) formic acid and was then
irradiated with UV light. Therefore,
10% (v/v) formic acid was chosen
as the UVG reagent.

Under UV irradiation, formic
acid can yield a complex mixture
of radicals, which are able to
reduce inorganic mercury to

elemental mercury vapor, as shown
in the following reaction (16):

UV
Hg2+ + HCOOH → Hg0 + CO2 + H2

In addition, methylmercury can
also be reduced to mercury vapor
by a similar photochemical process
at these conditions (13). Therefore,
total mercury in water samples can
be accurately determined by UVG
ICP-MS.

Determination of Mercury Ions
in Water Samples

After ICP-MS tuning, the analyti-
cal figures of merit of the developed
method were evaluated using a
series of standard mercury solutions.
The typical spectra of UVG-ICP-MS
are shown in Figure 4. The linear
range of the mercury determination
was 1–1000 ng L-1 and the calibra-
tion curve had a better than 0.995
linear correlation coefficient. The
limit of detection and limit of quan-
tification were 0.5 and 1.6 ng L-1,
which were calculated based on
3 times and 10 times the standard
deviation of 11 measurements of
a blank solution, respectively.

Using the developed method,
the mercury concentrations in tap
water and lake water were deter-
mined by UVG-ICP-MS. The tap

water sample was also spiked with
0.100 µg L-1 mercury ion for the
recovery experiment. The devel-
oped method was further validated
by analysis of the diluted digestion
solution of certified reference mate-
rial GBW 10050 Prawn. The results
in Table II show that the spike
recovery was 98% and the deter-
mined data of the certified refer-
ence material were in agreement
with the certified value.

It should be noted that biological
samples, such as the prawn CRM,
usually contain a relatively high
concentration of mercury and thus
UVG is not always necessary for
mercury analysis by ICP-MS. The
developed method can be also
applied for the analysis of these bio-
logical samples after acid digestion
and a high dilution of the samples.

CONCLUSION

A new method for the determi-
nation of ultratrace mercury in
water was developed based on
on-line solid phase extraction and
UVG-ICP-MS detection. A solid
phase extraction column was used
to enrich mercury in the samples
and eliminate potential inter-
ferences from the sample matrix
and reagent impurities. Formic acid
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Fig. 3. Effects of formic acid concentration on the normal-
ized intensity of mercury determined by UVG-ICP-MS. The
solution flow rate was 3 mL min-1.

Fig. 4. Typical spectra of Hg2+ standard solutions (0.02, 0.05,
0.1, and 0.2 µg L-1) determined by UVG-ICP-MS.
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was mixed with the samples, reduc-
ing the mercury ions into mercury
vapor. In comparison with traditional
vapor generation methods using
chemical reductants, the UVG
method eliminates the need for
fresh and unstable reductants,
achieves high efficiency for vapor
generation, and thus enhances the
limit of detection. UVG-ICP-MS is
a sensitive, fast, precise, and cost-
effective method for mercury
analysis, especially for ultratrace
mercury in natural water.
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TABLE II
Results of Mercury Determination by UVG-ICP-MS (µg L-1)

Samples Hg Hg Hg
Detected Recovery Certified

Tap water 0.035 ± 0.002 - -

Tap water spiked with 0.1 µg L-1 0.133 ± 0.004 98% -

Lake water 1 0.028 ± 0.002 - -

Lake water 2 0.043 ± 0.002 - -

Lake water 3 0.079 ± 0.003 - -

GBW 10050 Prawn 47 ± 7 - 49 ± 8

Results are shown in Average ± SD (n=3).


